Utilizing lignin feedstock along with cellulosic ethanol for the production of high-energydensity jet fuel offers a significant opportunity to enhance the overall operation efficiency, carbon conversion efficiency, economic viability, and sustainability of biofuel and chemical production. A patented catalytic process to produce lignin-substructure-based hydrocarbons in the jet-fuel range from lignin was developed. Comprehensive techno-economic analysis of this process was conducted through process simulation in this study. The discounted cash flow rate of return (DCFROR) method was used to evaluate a 2000 dry metric ton/day lignocellulosic ethanol biorefinery with the co-production of lignin jet fuel. The minimum selling price of lignin jet fuel at a 10% discount rate was estimated to be in the range of $6.35-$1.76/gal depending on the lignin and conversion rate and capacity. With a production capacity of 1.5-16.6 million gallon jet fuel per year, capital costs ranged from $38.0 to $39.4 million. On the whole, the co-production of jet fuel from lignin improved the overall economic viability of an integrated biorefinery process for corn ethanol production by raising co-product revenue from jet fuels.
Introduction
L ignin is an important carbon source and is recognized as the second most abundant biopolymer after cellulose. Lignin is mostly located in the secondary wall (S 2 ) layers of the plant cell wall. The complex three-dimensional lignin structure is composed of monolignol units p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S), [1] [2] [3] [4] which originate from random polymerization through radical-radical coupling reactions. 5 In 2010, only 2% of the nearly 50 million tons of extracted lignin produced by the pulp and paper industry was commercially used 6 for low-value products such as dispersing or binding agents; the rest was mostly burned to generate heat and power. If the US replaces 25% of its transportation fuels with biofuels by 2030, around 50 billion gallons of cellulosic ethanol from about 1 billion tons of biomass can be produced along with 0.3 billion tons of lignin, substantially more than necessary to power these biorefineries. If lignin is burned to generate power, because it is wet and has a lower energy content than coal, its value in this role is limited to well under $50/dry ton. Efforts are therefore critically needed to transform lignin to higher value products.
However, depending on the technology platform employed, cellulosic ethanol plants can provide lignin either at the end of the pretreatment/hydrolysis/fermentation process or immediately after the pretreatment stage. The former will require some degree of post-processing purification targeted at removing enzymes and proteins whereas the latter is often a lignin-rich stream. 7 New processes should therefore be developed for the more efficient utilization of lignin. Due to its availability, unique ring structure, and low oxygen-to-carbon (O/C) ratio, the utilization of lignin for the production of hydrocarbons as premium fuels offers a significant opportunity for enhancing the overall operational efficiency, carbon conversion rate, economic viability, and sustainability of biofuel production. 8 Overall, a biorefinery is a processing facility that extracts carbohydrates, oils, lignin, and other materials from biomass and converts them into multiple products, including fuels and high-value chemicals and materials 9, 10 in which cellulose and hemicellulose are converted to fermentable sugars, and reactive lignin is then converted to fuels and chemicals via biological and/or chemical conversions.
As lignin includes high-value aromatic compounds, it may become a possible raw feedstock for bio-oil or other chemicals by the ether cleavage. 11 It offers a significant opportunity for enhancing the operation of a lignocellulosic biorefinery. It is very abundant raw material, contributing as much as 30% of the weight and 40% of the energy content of lignocellulosic biomass. Lignin's native structure suggests that it can play a central role as a new chemical feedstock, particularly in the formation of supermolecular materials and aromatic chemicals. 12 The study of lignin applications can be divided into two different fields: materials and fuels/chemicals. The former include phenolic resins, [13] [14] [15] [16] [17] [18] [19] [20] epoxies, [21] [22] [23] adhesives, [24] [25] [26] polyolefins, [27] [28] [29] [30] [31] carbon fiber, [32] [33] [34] [35] and PHAs. [36] [37] [38] The latter consists of syringol, guaiacol, 39, 40 BTX (benzene, toluene, and xylene), 41, 42 vanillin, 43, 44 lipids, 45, 46 and jet fuel. [47] [48] [49] [50] [51] [52] [53] [54] [55] Some current and future market and product opportunities are presented in Fig. 1 , in which different potential pathways of lignin to diverse products are illustrated.
Until now, few of these exciting applications have been commercialized. Most applications have not left the laboratory or the pilot stage. With the anticipated commercial emergence of lignocellulosics biorefineries, this situation is about to change. These biorefineries could produce large quantities of lignin in a relatively uniform and purified form. Such lignins can be used either for low-value fuel or for much higher value industrial chemical applications, which would substantially improve the economics of the biorefineries. If it is assumed that applications have been developed in a pragmatic rather than scientific way, according to the market survey from the publications, the market values of potential lignin products is summarized in Table 1 . The potential lignin products market is estimated at a value of over $265 billion, and is projected to reach about $378 billion with a compound annual growth rate (CAGR) of 5.2% from 2015 to 2022. 47 The pathways for the synthesis of jet fuel
The US jet-fuel market represents a market with 20 billion gallons of hydrocarbon fuel. All emerging biojet fuel technologies that meet ASTM standards could contribute to this market. However, as of this date, no clear winning sustainable jet-fuel technology exists, a situation that encourages constant research and development in innovative biojet fuel-conversion strategies. For biomassbased biojet fuels, as is the case with biofuels for ground transportation, it is critical to have sustained and low-cost feedstocks to attain commercial feasibility. This presents a challenge because, unlike crude oil, biomass contains a high level of oxygen in its major heteropolymers. A degree of progress has been made for biojet-fuel technologies using these diverse biomass substrates but more effort is still needed to improve biomass conversion efficiency as well as economic viability. Figure 2 illustrates the potential pathways of biojet fuel from different feedstock.
Currently there are five main developed biojet-fuel conversion technologies that have been approved by ASTM, specifically, meeting the standard specifications ASTM D7566, 60 certifications in preparation. 61, 62 They are: Fischer-Tropsch synthetic paraffinic kerosene (FT-SPK), Fischer-Tropsch synthetic kerosene with aromatics (FT-SKA), hydrotreated esters and fatty acids (HEFA), synthesized iso-paraffinic (SIP), and alcohol (isobutanol) to jet synthetic paraffinic kerosene (ATJ-SPK), which can be blended with Jet A or Jet A-1 fuel certified to Specification D1655 and 16 certifications in preparation. 61 There are also five additional biojet-fuel technologies that are under review, such as high freeze-point hydrotreated biological production of isobutene and process to jet fuel; 66 Eni: hydrogenated vegetable oil (HVO); 67 Enerkem: municipal waste gasification and catalytic conversion to ethanol followed conversions to biofuels and chemicals; 68 and Washington State University (WSU): lignin-to-jetfuel (LJ-D&HDO) through one-step proprietary catalytic upgrading of lignin waste to jet fuel. [49] [50] [51] [52] [53] [54] [55] 69, 70 Lignin-based jet fuel Early research on the use of lignin to produce jet-fuel blend stocks (such as the aromatics and cycloalkane hydrocarbons) could potentially produce drop-in stocks that meet the combustion characteristics and material compatibility of traditional jet fuels. 62, [71] [72] [73] [74] Despite its potential, converting lignin effectively has proven to be challenging, mainly due to the heterogeneous, non-hydrolyzable cross-linked structure of lignin and the high reactivity of its degraded intermediates. 75 Several catalytic upgrading routes, 69,76-80 especially hydrodeoxygenation (HDO), [81] [82] [83] [84] [85] [86] have been extensively studied and reported. The WSU lab recently demonstrated the successful conversion of biomass-derived lignin into C 7 -C 18 jet-fuel range hydrocarbons (US patent 9 518 076 B2) ( Fig. 3 ). First, 30-69% lignin can be depolymerized into monomers and dimers via the cleavage of C-O-C bonds without disrupting the C-C linkages. 47, 48, [50] [51] [52] [53] [54] [55] 71 Lignin-substructurebased hydrocarbons (C 7 -C 18 ) are then generated through a catalytic process, involving the HDO of the lignin catalyzed by the bifunctional catalyst Ru/H + -Y or a super Lewis acid and Ru-M/H + -Y (M = Fe, Ni, Cu, Zn). [47] [48] [49] [50] [51] [52] 55, 71 The resulting hydrocarbons are primarily C 12 -C 18 cyclic structure hydrocarbons in the jet-fuel range with carbon yields of over 30 wt% from lignin. Lignin-based jet-fuel current is an unrefined type of kerosene consisting of C 12 -C 18 paraffins (6.2%), dicycloparaffins (60.9%), cycloolefins (11%), and cyclohexanone and cyclohexanol derivatives 10.4% (Table 2) . Notably, most of the hydrocarbon classes inherent in coal-based jet fuel can be generated directly from this HDO lignin process. Thus, integrating this technology with current biorefinery production facilities would improve the overall biomass conversion efficiency significantly, as well as the overall process economics of producing biofuels and/or chemicals.
The important goal of this study was to determine how the process-integration concept (producing both ethanol and jet fuel) in a biorefinery would affect the economics of the overall process. Among lignin-derived products, as discussed in previous sessions, this study focused on jet fuel because the conversion of lignin to bulk chemicals or fuel components has the best potential and the best near-tomedium term deployment opportunity for lignin utilization even with technical challenges. The feasibility of the production of both ethanol and lignin jet fuel in the same facility has hardly ever been examined; thus, techno-economic analysis (TEA) was undertaken to determine whether it could offer important synergies that improve the economic efficacy of the whole biorefinery. As lignin-upgrading technology has not been commercialized yet, TEAs provide guidance both to research efforts and for decision making in commercial development. To address the technical barriers when faced with limited budgets, research must be carefully directed. Research and development and economic analysis should work in parallel, supporting each other, to uncover opportunities in the shortest time possible. 13 
Materials and methods
As in the 2011 National Renewable Energy Laboratory (NREL) design ( Fig. 4) , the corn stover feedstock is deconstructed into fermentable five-and six-carbon (C5 and C6) sugars through dilute acid steam pretreatment and enzymatic hydrolysis, and this is followed by the fermentation of the sugars to ethanol. The fermentation broth with an ethanol stream is distilled and run through molecular sieve adsorption to recover ethanol at 99.5% concentration. The solids in the bottom stream of the first distillation column are further concentrated. In the 2011 NREL design, all the lignin is combusted in a combined heat and power system. But in this study, a portion of lignin is diverted to a downstream process of jet-fuel production, and the rest is sent to the combustor to supply power and heat for the process, similar to that designated in the NREL model. 87 Different scenarios of the process design, which consider different ratios of lignin stream to biofuel and power generation, are outlined in Fig. 5 . The supporting processes were also incorporated in the overall conceptual process design and economics, including wastewater treatment, utilities (cooling water, chilled water, process water facilities and plant air), and the combined heat and power system.
The unreacted lignin residues continue to be burned in the burner to generate steam and power needed by the system. Additional details of the design and the basis for both the 2011 NREL design and a 'revamped' case are summarized in the following subsections. The block flow diagram is described in Fig. 4 . The base case process (whole hydrolysate to ethanol alone), which is the gray section in Fig. 4 , is discussed first, followed by a discussion of the modifications made for the alternative coproduction of jet fuel.
Ethanol biorefinery with lignin jet fuel as co-products
As illustrated in the green section of Fig. 4 , the jet-fuel production process includes the conversion of lignin by HDO, jet-fuel separation, steam reforming, and gas separation. Lignin from the ethanol process enters a solvation tank where solid lignin can be dissolved into the liquid mixture, at which point the stream is pressurized to 4 MPa and heated to 250 °C. The first reaction is in the HDO reactor, which is a fixed-bed reactor that uses steam to provide the heat for the endothermic HDO reactions. The HDO reaction breaks lignin down into an organic liquid product (jet fuel), non-condensable gases, water, and char. All reactions involved in the HDO reactor are described in Table S1 of the electronic supporting information in detail. The HDO reactor effluent enters a cyclone hydraulic separator to separate solids (char) from the liquid products. The solid residues are sent to the onsite combustor to collect heat while the liquid products are pumped to a decanter to separate the hydrocarbons from the aqueous phase (mainly water). The non-condensable gases exiting the HDO reactor are transferred to a gas-separation system (pressure swing adsorption, PSA) to separate and recycle the unreacted hydrogen from the gas mixture. The remaining off-gas containing CH 4 , CO, and CO 2 from PSA reacts with steam in the reformer to produce hydrogen with the addition of CH 4 . Saturated steam and superheated steam are generated by recuperating heat from the reformer exhaust and cooling the product from the water gas shift reactor. The steam generated is used in the reformer not only as a reactant but also as heat for the process. The hydrogen production process through steam methane reforming is designed based on a process previously developed by the Pacific Northwest National Laboratory. 88, 89 Economic analysis details
The process models were built using Aspen Plus 8.8 (Aspen Technology, Inc. Bedford, MA, USA). The heat and material balances from the Aspen models are transferred to Aspen Process Economic Analyzer 8.8 90 to estimate the capital and operating costs. After the total capital investment (TCI), variable operating costs (VOC), and fixed operating costs (FOC) are determined, a discounted cash flow rate of return (DCFROR) analysis is employed to calculate the minimum ethanol selling price (MESP) and minimum jet fuel selling price (MJSP). The discounted cash-flow analysis is calculated by iterating the minimum selling price of ethanol (or jet fuel) until the net present value of the project is zero. This analysis requires that the discount rate, depreciation method, income tax rates, plant life, and construction startup duration are specified. As this plant is equity financed, some assumptions about the loan terms are also required. 87 All costs in this paper are based on the 2014 US dollar (2014$). Indices are used to convert capital and operating costs to 2014$. The overall biorefinery is assumed to be the nth plant of its kind. As discussed in the previous section, the plant is designed based on the experimental results and the current state of the technology of converting biomass to biofuel. Each scenario assumes a feed rate of 2000 dry metric tons/day corn stover to the plant gate. In the base case (NREL 2011 design), the residues containing lignin and any unconverted sugars are sent to the combustor to gen-erate steam/heat and electricity. When considering jet-fuel production from lignin, a target portion (23.6% and 76.1%) of the residues is diverted and upgraded catalytically. This reduces the amount of lignin available in the combustion system, resulting in a reduction in electricity production. Routing part of the lignin to the upgrading process also affects the total capital cost. The capital cost of adding upgrading units cannot be offset by the reduction in capital for reducing feeds to the burner, waste treatment, and product-separation units of the plant.
The feed to the lignin upgrading process is a solid-liquid mixture containing only 3.4% (wt) lignin with 87.4% (wt) water, ash, and unconverted sugars, so a further dewatering step is needed before lignin enters the upgrading process.
When considering the combustion of all the lignin in the NREL 2011 design, 87 23.9% of all the energy from the combustion goes to process steam or heat, while 52.5% goes to electricity consumption and 23.6% is sold to the grid for revenue. All three scenarios studied here are shown in Fig. 5 and listed below:
• Scenario 1: the lignin stream is combusted as in the 2011 NREL design report; 100% of the lignin is burned to produce steam and electricity, some of the electricity (corresponding to 23.6% of the lignin) is sold to the grid. • Scenario 2: 23.6% of the lignin (corresponding to 24 436 ton year −1 lignin) is diverted to jet-fuel production while the remaining 76.4% is burned to produce plant steam/heat and electricity, no extra electricity is sold to the grid. • Scenario 3: 76.1% of the lignin (corresponding to 78 796 ton year −1 lignin) is diverted to jet-fuel production, while the other 23.9% of the lignin is burned to produce plant steam/heat. No electricity is produced and plant electricity is purchased from the grid.
Techno-economic analysis methodology
Techno-economic analysis typically includes a conceptual level of process design to develop a detailed process flow diagram (based on research data), rigorous materials and energy balance calculations (via Aspen Plus simulation tools), capital and project cost estimation (CAPEX and OPEX via Aspen Process Economic Analyzer), a discounted cash flow economic model, and the calculation of a minimum ethanol (or jet fuel) selling price. 91 The techno-economic models are developed based on previous conceptual conversion pathways and associated design reports by Bioenergy Technologies Office (BETO) R Shen, L Tao, B Yang Modeling and Analysis: TEA of lignin based jet fuel with research data from WSU, Pacific Northwest National Laboratory (PNNL), and NREL. 69, 87, [92] [93] [94] The Aspen Process Economic Analyzer 8.8 was employed to estimate free-on-board equipment costs. Peters and Timmerhaus investment factors were used to calculate project capital expenditures. 95 Estimates based on this methodology are typically accurate within 30%. The online time was set to 7884 h per year (equivalent capacity factor of 90%). The construction time was assumed to be 24 months. The startup period was 25% of the construction time (6 months) and, during this period, an average of 50% production was achieved with expenditures of about 75% of variable expenses and 100% of fixed expenses. Equipment costs and installation factors are collected from direct quotation from industrial partners, published data, and Aspen Process Economic Analyzer evaluation. Major economic assumptions are listed in Table 3 . The HDO catalysts are important to the overall economics of the HDO process. Precious metal catalysts such as ruthenium (Ru) can be used in HDO reactions. The annual catalyst cost is affected by metal type, metal loading, and replacement rate. In this paper, the catalyst cost is included in the capital cost because the HDO reactor is modeled as a packing tower in the Aspen Economic Analyzer and the catalyst is modeled being packed in it. 90, 92 Results and discussion
Economics of ethanol biorefinery with lignin to burner
Based on the process design and economic factors described above, the various costs and the MESP for the projected cases were determined for the three scenarios ( Table 4 ). The MESP for scenario 1 is $2.83/gal ethanol with a TCI of $463.6 million, VOC of $88.2 million year −1 (including co-product credit from selling electricity to the grid, $6.2 million year −1 ), an FOC of $11.7 million year −1 . In the VOC, the $61.2 million year −1 biomass feedstock cost most significantly contributes about 37.8% to the MESP. The second largest raw material cost is enzyme production for an enzyme cocktail consisting of endoglucanases, exoglucanases, and β-glucosidase. The enzyme costs $0.28/gal of ethanol, accounting for 9.8% of the MESP. The primary power consumers in this process are the wastewater treatment, biomass pretreatment, and enzyme production processes, contributing to 45% of total biorefinery electricity demand.
Economics of an ethanol biorefinery with lignin to jet-fuel co-products
The MESP is $2.88/gal for Scenario 2 and 2.83/gal for Scenario 3. The capital costs (outlined in Table S2 of the electronic supporting information) are based on vendor designs and cost estimates of the major processing equipment. The cost breakdown of major process areas for the three scenarios is illustrated in Fig. 6 . The overall electricity production is reduced from 326 million kWh in the baseline case to 225 million kWh in Scenarios 2 and 3. The addition of the lignin upgrading process results in an increase in the overall capital cost. The installation cost of the lignin upgrading process is $21.4 million, 4.4% of the overall capital cost of the facility. Lignin HDO accounts for $1.3 million. Hydrocarbon recovery and purification account for $3.1 million, and the steam reformation of methane (SMR) process accounts for $4.7 million. With reduced feed into the combustor, its capital cost is reduced by $1.2 million. However, the total capital investment increases from $464 million to $485 million when the process design changes from Scenario 1 to Scenario 2. The variable operating cost of Scenario 2 also increases to 34% of that in Scenario 1. The process requires $0.1 million year −1 of additional VOC for hydrogen production, jet-fuel product separations and purification, with the details outlined in Table S4 . Due to the higher capital cost and the increased complexity of the modified design, the overall fixed-operating cost of this scenario is $13.2 million year −1 ( Table 4 ). As 23.6% of the original lignin stream is diverted to produce jet fuel instead of electricity, electricity from lignin combustion meets the demand of the ethanol biorefinery, thus no excess electricity is sold to the grid.
Sensitivity analysis
An important goal of this study was to determine how the co-production of fuels and chemicals would affect the economics of the ethanol biorefinery. A number of the process design parameters projected in the experimental benchmark case have a significant impact on the overall economics of the plant, such as the plant scale, sugar production and conversion, co-products yields, and the market price of the co-products. It is therefore critical to understand the impact of these parameters on MESP in order to prioritize further research.
Effects of the lignin flowrate scale on the MESP Scenarios 2 and 3 convert two different lignin flowrate ratios to jet-fuel hydrocarbons as listed in Table 4 . As shown in Fig. 7 , the MESP decreases with the jet-fuel market price for both scenarios. When converting more lignin to hydrocarbons, the MESP is more likely to be lower than the baseline number of $2.83/gal. Thus, the jet-fuel market price (JMP) has a larger effect on cost for Scenario 3 than Scenario 2. For instance, when the market price of jet fuel is at $2.10/gal, the MESP of Scenario 3 drops to below that of Scenario 2. 
Effects of jet-fuel yield on the MESP
If the lignin-to-jet-fuel yield could be theoretically improved from the experimental benchmark of 30-60%, 80%, and even 94% (although such a high value is unlikely practical presently), the MESP could be decreased accordingly, and the drop magnitude would increase with the jet-fuel yield increasing. A similar variation trend of MESP could also be found for Scenario 3. However, the drop magnitude of the MESP for Scenario 3 is bigger than that of Scenario 2. For Scenario 3, if the lignin-to-jet-fuel yield can be achieved at 94%, the MESP drops to 2.45 $/ gal under the present jet-fuel market price, which is much lower than the MESP for the base case (the 2011 NREL design).
Effects of JMP on the MESP
The JMP is another factor affecting the total economics of an ethanol biorefinery when jet-fuel yield is assumed at certain value. The JMP during 2011-2015 was $1.08-$3.26/ gal, 96 and is used in this study as the range of JMP. As the JMP increases, the MESP decreases with more co-product credits from selling jet-fuel products (Fig. 7 ).
Economic analysis of lignin upgrading process in a standalone facility
As discussed in previous sections, the lignin upgrading process is co-located with the ethanol biorefinery as an addition to the process, so that jet fuel and excess electricity are considered as co-products. However, it would be interesting to study the economic feasibility of the ligninto-jet-fuel process as a standalone facility. The flowsheet of the standalone process concept is very similar, albeit with major differences, for the design of heat integration. The detailed illustration of the independent process is attached in the electronic supporting information ( Figure S1 ). The capital and operating costs were calculated with the Aspen Process Economic Analyzer, combined with a simple return-on-investment calculation to estimate the minimum jet fuel selling price (MJSP). All capital costs are reported in 2014 dollars as in the NREL design. The total capital investment is factored from installed equipment costs (detailed equipment costs listed in Table S3 in the electronic supporting information). The operating labor is determined by assuming one operator per shift per major processing area. Most labor categories (control lab, supervisory, administrative) are factored into the operating labor.
Three other assumptions are made for this analysis: (a) the jet-fuel plant is built near the ethanol plant, so no extra transportation fee is required for the lignin feedstock; (b) the price of lignin is $55.8/ton, which is calculated from its corresponding electricity credit from the ethanol biorefinery, in the low-purity lignin market price range listed in Table 1 , and serves as the minimum set point for the lignin price in the sensitivity analysis; (c) the electricity cost is $0.0572/kWh; 87 (d) Scenarios 2 and 3 assume converting 23.6% and 76.1% of lignin for upgrading, respectively.
(1) Comparison of scenarios with different lignin flow rates. Figure 8 shows that the MJSP decreases when the jet-fuel yield increases for Scenario 2 and Scenario 3. However, the promotion of jet-fuel yield relies on lignin conversion and jet-fuel selectivity, so it is important to improve the catalysts' performance and optimize the reaction conditions in the laboratory research. The MJSP of Scenario 3 is lower than that of Scenario 2 at every assumed jet-fuel yield, which means that the profit of the jet-fuel process increases with the increase in feedstock flowrate scale. The economics for Scenario 3, using different lignin-to-jet hydrocarbon yields, were investigated and summarized in Table 5 for TCI, total operating cost (TOC), which is the sum of the total variable operating cost and the total fixed operating cost), and MJSP in comparison with JMP. When the lignin-to-jet yield is 30%, the resulting MJSP is $3.61/gal, higher than the JMP ( Table 5 ). The MJSP decreases to $2.14/gal for a 60% lignin-to-jet yield and further decreases to $1.84/gal for an 80% lignin-to-jet yield. This implies that when the ligninto-jet yield approaches 60% or above, the production of jet fuel from this concept can be cost-competitive compared with the price of fossil-fuel-based jet fuel. As the lignin-to-jet-fuel yield approaches 94% (theoretical limit), the MJSP is estimated to be $1.76/gal. (2) Comparison between producing H 2 from SMR or purchasing H 2 . As mentioned in previous sections, H 2 can be produced by the SMR of methane using natural gas. The MJSP were calculated and compared between producing and purchasing H 2 ($1.60/kg) , using Scenario 3.
Results show that the MJSP is lower with H 2 production from SMR than that if H 2 is purchased, regardless of lignin-to-jet yields, as illustrated in Fig. 9 . This indicates that onsite production of H 2 is relatively more economic. (3) Tornado chart. To understand the key cost drivers, a single-point sensitivity analysis was performed for the discount rate, lignin feedstock price, total capital investment (TCI), operating labor cost, etc. as shown in Fig. 10 using the parameters in Scenario 3 as a baseline. Reasonable minima and maxima for each variable were chosen according to the baseline. Each variable was changed to its maximum and minimum value while all others were held constant. Figure 10 indicates that the discount rate, TCI, and lignin feedstock prices have the largest impacts on the MJSP. For instance, the uncertainty in the variation of TCI in the range −/+25% would result in a −/+$0.34/gal MJSP. The magnitude of these bars is a function of the range defined in the study. On the other hand, variation in the price of taxes, insurance, operating supplies, and natural gas shows little effect on the MJSP compared to other parameters.
Discussion
Lignin from ethanol biorefinery conversion to jet-fuel processes was developed based upon experimental benchmark data and assumed processing targets. The integration process of the ethanol biorefinery with the coproduction of jet fuel was designed referencing the NREL design and other resources. The energy and mass balances were calculated with ASPEN modeling. The capital investment cost and operating cost were estimated using the Aspen Process Economic Analyzer and other available sources. All of these were incorporated into TEA models to understand the economic potential of lignin upgrading. Using 2011 NREL cellulosic ethanol process design, the MESP of corn stover to ethanol was calculated and updated to $2.83/gal (2014$). We performed an economic analysis based on this cellulosic ethanol design case with the integration of lignin upgrading concepts. The MESP for the integrated concept is predicted at $2.88/gal and $2.83/gal, assuming that 23.7% or 76.2% of lignin can be converted to hydrocarbons for jet applications at a 30% lignin-tohydrocarbon yield, respectively. The minimum selling price of lignin fuel is $6.35/gal and $3.61/gal, for those two scenarios, respectively. It is clear that the reduction in the overall MESP needs higher credits of chemical coproduct credit to offset the additions of the capital investments. This involves several process improvements moving forward to reduce the overall cost of the biorefinery, such as increasing the amount of lignin to put into the upgrading process, improving the jet-fuel yield, looking for strategies on H 2 sources, and reducing the energy consumption.
The amount of lignin that can be converted for jet-fuel production is apparently the most significant factor in this study. When the ratio of lignin fed into the upgrading Fig. 7 for Scenario 2, when assuming a JMP of $2.01/gal, even at a lignin-to-jet yield of 94%, the calculated MESP is higher than the baseline cost without lignin upgrading. The reduction in the minimum ethanol selling price was directly affected by the lignin flowrate to HDO process, jet-fuel market price, and jet-fuel yield. We also perform TEA on a greenfield design of ligninto-jet process concept, assuming lignin can be purchased from cellulosic biorefinery. Variations in lignin-to-jet yield from 30% to 94% are compared with reported key parameters on TCI and TOC, and MJSPs. For Scenario 3, the MJSP for 30% lignin-to-jet yield is $3.61/gal, which is higher than the JMP reported during the period 2011-2015. When the lignin-to-jet yield reaches 60% or higher, the MJSP drops to $1.85/gal, which is believed to be cost competitive. The TEAs of the lignin-to-jet-fuel process as a stand-alone system suggest that the jet fuel from the waste lignin can be economically competitive if more efficient HDO catalysts can be found.
The WSU team's attempts to integrate the numerous technologies required to transform lignin into jet fuels highlights the need for streamlined separations, highly efficient catalysts, and intensified processes. We consider that this technology is a strategic approach to biorefining that specifically targets high-value chemicals and fuels, addressing the long-term need to secure chemicals and fuels from renewable resources. Overall, this study quantifies the economic baseline for the manufacturing of ethanol biorefineries with co-production of jet fuel, demonstrates that co-products have the potential to improve the economics of ethanol biorefinery, and provides a framework for further research and development in a next-generation integrated ethanol biorefinery.
In the future, lignocellulosic biorefinery industry will generate lignin in substantial quantities. For instance, in the 2000 dry ton per day corn-stover-to-ethanol biorefinery, 86 the amount of lignin produced is 104 million kg per year. The residue lignin feed is the partially dewatered stream containing lignin with unconverted biomass feedstocks. The lignin residue is often burned to supply selfsustaining energy to the biorefinery. However, the chemical structure of lignin suggests that not only could it be used to produce energy but it also has excellent potential to be used as feedstock for value-added fuels and chemicals (such as biofuel and phenolic compounds). These products could be applied in the chemical industry for the synthesis of phenol formaldehyde resin and plastics. 97, 98 The production of jet fuel from lignin appears likely to improve the viability of next-generation cellulosic bioethanol and advanced biofuel (renewable gasoline/diesel/ jet-fuel) facilities. 8, 99, 100 The techno-economics study in this paper predicts that jet fuel produced as a coproduct from waste lignin in an ethanol biorefinery is a promising value-added fuel, which can positively impact ethanol biorefinery economics if large-scale conversion of lignin to jet fuel can be achieved and the market price of jet fuel maintains its current level. Further research on lignin conversion to jet fuel as a product is thus required.
Conclusion
Sustainable aviation liquid fuel is the only renewable option for the airline industry in the future. A broad range of renewable alternative jet fuels, also known as biojet fuels, are in development as drop-in fuels and global optimum fuels and they possess performance characteristics and chemical compositions essentially identical to conventional kerosene jet fuels or provide even better performance than conventional jet fuels with different chemical compositions to meet advanced engine requirements. However, most of the technologies needed to produce biojet fuels are still in their early stages of research, development, and certification. Nevertheless, biojet fuel technologies are promising options for alternative energy sources for the airline industry. They present both short-and long-term solutions for replacing crude oil-derived jet fuels. In this study, techno-economic analysis shows that a corn stover ethanol plant with an annual capacity of 57.2 million gallons of ethanol would be able to produce an additional 20 million gallons of ligninbased jet fuel. Results indicate that the co-production of jet fuel from the catalytic upgrading of waste lignin can dramatically improve the overall economic viability of an integrated process for corn-stover ethanol production. Lignin-derived jet fuel would offer unique advantages: (1) it uses low-cost raw materials without conflicting with food or other biofuel production, (2) it has higher thermal stability, (3) has higher energy density, (4) it is produced at a lower cost, and (5) it reduces greenhouse emissions. However, it is also important to realize that the commercialization of new technology presents difficulties even greater than those that have already been overcome in the past for alternative biojet technology development. Tremendous dedication, persistence, and financial strength are required to clear this last remaining hurdle. Furthermore, the aviation industry is facing an increasingly stringent regulatory compliance environment, mainly as a result of international carbon emission regulations associated with the quantification of emissions and payment of renewable fuel credits. There are both environmental and economic benefits for aviation and biojet fuel interest groups to mutually cooperate. In the near future, commercial airlines will have to comply with legally binding international rules. It is thus in the interest of all the stakeholders to invest in biojet-fuel development now because biojet-fuel technologies take time to develop fully and deploy at the commercial scale and to penetrate the conventional-fuel-dominated jetfuel market significantly. Many challenges remain, including the availability and price of feedstock, conversion efficiency, technical challenges, tedious and cost-intensive fuel certifications, and government regulatory factors. These uncertainties and challenges, combined with decreasing oil reserves and volatile fuel pricing, justify strategic alliances between biojetfuel stakeholders for them to contribute to the advancement of viable alternatives to conventional jet fuel.
